study question: Can antral follicle count (AFC) measured during pregnancy be used as a marker of ovarian age to assess the background risk of fetal aneuploidy? summary answer: AFC was lower than expected according to maternal chronological age in trisomic pregnancies; therefore ovarian age could potentially reflect a more precise background risk of fetal aneuploidy screening.
Introduction
Reproductive aging in women is determined by ovarian aging and expressed as a decline in both the quantity of primordial follicles and quality of the oocytes within (Te Velde et al., 1998) . Peak fertility occurs in the mid-20s, after which a decline in fertility is observed until menopause (Menken et al., 1986; van Noord-Zaadstra et al., 1991) . The wide range of chronological age at which menopause occurs suggests that reproductive aging presents variability between women, and that age alone does not reflect the women's reproductive potential (El-Toukhy et al., 2002) . Although initially follicle decline was described to be biphasic with a sudden acceleration of oocyte decline at 37 years of age (Faddy et al., 1992) , subsequent studies suggested a gradual acceleration of oocyte loss over time (Leidy et al., 1998; Hansen et al., 2008) .
Different tests have been developed to evaluate ovarian reserve, mainly used in Infertility clinics. Whereas endocrine markers, such as anti-Müllerian hormone (AMH), inhibin B, estradiol and FSH, indirectly reflect the early growing follicle population (Broekmans et al., 2007) , ultrasound assessment of the antral follicle count (AFC) provides a direct estimation of recruitable follicles (Hendriks et al., 2005) .
It has been suggested that ovarian rather than chronological age could determine aneuploidy risk during pregnancy, and therefore trisomy risk would increase with a declining oocyte pool. Thus, it was described that the earlier cessation of reproductive life, brought on by unilateral oophorectomy in female mice, resulted in earlier onset of irregular cyclicity and an earlier rise in aneuploidy (Brook et al., 1984) . Moreover, it was demonstrated that menopause occurs at an earlier age among women with trisomic pregnancies (Kline et al., 2000) and that women after a Down syndrome birth present higher values of FSH when compared with controls (van Montfrans et al., 1999) . On the above evidence, we aimed to construct reference values for AFC in pregnant women according to maternal age, and subsequently to assess the role of AFC as an ovarian age marker in aneuploid pregnancies. Although there is a small series reporting the AFC in women with proven fertility (Kline et al., 2004) , to our knowledge, this is the first study assessing AFC in a cohort of pregnant women.
Materials and Methods

Population
During a 14-month period (April 2012 -June 2013) pregnant women scanned at 11 -13 weeks in our center were invited to be enrolled in the study. The study population included pregnant women attending for a routine first trimester scan or chorionic villi sampling (CVS), pregnant women with aneuploidy referred from other centers, and women with pregnancy loss up to 14 weeks attending for CVS. Maternal assessment included a medical history and measurement of anthropometric indices. All of the nonkaryotyped pregnancies underwent long-term follow-up. All pregnancies achieved by assisted reproduction techniques (ART) were excluded, as some kind of ovarian stimulation was almost invariably carried out, and oocyte or egg donation may have been involved. Multiple pregnancies were also excluded. Ethics approval was received from the local Research Ethics Committee and written informed consent was obtained from recruited pregnant women.
First trimester scan and AFC
First trimester scans were performed by four sonologists using three ultrasound machines (Acuson Antares, Siemens Medical Solutions, Malvern, PA, USA; Voluson E6 General Electric, GE Healthcare Austria GmbH & Co; and Aloka Prosound a7, Aloka Co. Ltd, Tokyo, Japan). A 25-min slot was assigned to perform both a routine transabdominal first trimester scan and an additional transvaginal scan to assess AFC. Round or oval sonolucent structures in the ovaries, not capturing color flow, were regarded as follicles, but only follicles measuring between 2 and 10 mm mean diameter were included in the AFC. Follicles were grouped as small (2-5 mm) and large (6-10 mm). Technical considerations for the assessment of AFC were used, as previously described .
CVS and karyotyping
In ongoing pregnancies and in pregnancy losses, CVS was performed transcervically in the vast majority of cases, by means of a round-tip curved steel forceps (1.9 mm diameter and 25 cm long), first introduced by Rodeck (Area Medica, Barcelona, Spain), under continuous ultrasound guidance (Borrell et al., 1999) . At the laboratory, samples were inspected under the dissecting microscope to release villi from maternal material. Cytogenetic analysis was carried out after both short-and long-term cultures (Morales et al., 2008; Muñoz et al. 2010) , while quantitative fluorescent PCR was applied only to ongoing pregnancies (Badenas et al., 2010) .
AFC reference ranges
Maternal and clinical data were recorded and analyzed in the Statistical Package for the Social Sciences version 17. A P , 0.05 was considered as significant. Normal ranges for AFC were constructed using the Lambda-Mus-Sigma (LMS) method (Cole and Green, 1992) including 812 singleton ongoing pregnancies with normal karyotype not conceived by ART. In brief LMS method summarizes the changing distribution by three curves representing the skewness expressed as a Box-Cox power (L), the median (M) and coefficient of variation (S). The final curves of percentiles are produced by these three smooth curves (Cole and Green, 1992) . Degrees of freedom for each curve (L, M and S) were selected according to changes in the model deviance. Centile values were computed by LMS Chartmaker software (LMS Chartmaker Light version 2.54, Medical Research Council, Cambridge, UK). A table reporting the mean and the 90% interval of AFC (5th and 95th percentiles) for each age interval was created.
AFC in chromosomally abnormal pregnancies
AFC in mothers of fetuses with viable autosomal trisomies (trisomies 21, 18 and 13), non-viable autosomal trisomies (other than 21, 18 and 13), monosomies X, sex trisomies and triploidies were plotted against the reference ranges constructed here. AFC multiple of the median (MoM) and ovarian age were calculated according to the median AFC obtained by each year of age. Comparison between chromosomally normal and abnormal pregnancy groups was carried out using 95% confidence intervals (95% CI) and the chisquare test. A stratified analysis was carried out taking into account only the small follicles, defined as those with a mean diameter of 2 -5 mm.
Results
A total of 1239 singleton pregnancies were initially included in the study, but 100 cases were excluded because of ART. After ultrasound examination, 205 pregnancies were also excluded due to failure to evaluate antral follicles in one (n ¼ 125; 11%) or both (n ¼ 80; 7%) ovaries. The study population finally included 728 pregnant women attending for routine scans, 101 pregnant women attending for CVS, 8 trisomy 21 pregnancies referred from other centers and 97 women undergoing CVS for pregnancy loss (total n ¼ 934). The mean maternal age was 32.8 years (range: 16 -45 years) and the mean crown-rump length was 60 mm (range: 3-89 mm). Maternal characteristics from women included in the study are displayed in Table I .
Reference ranges were constructed using 812 spontaneously conceived, chromosomally normal singleton ongoing pregnancies. The 5th, 50th and 95th percentiles according to maternal age are presented in Table II . As maternal age rose from 16 to 45 years, the 50th percentile for AFC declined from 23 to 6, whereas the 5th percentile declined from 12 to 2 and the 95th percentile from 41 to 12.
Among the observed 47 pregnancies with chromosomal abnormalities, 17 were found after CVS was performed in ongoing pregnancies, 7 pregnancies were referrals and 23 cases of aneuploidy were detected in pregnancy losses. Chromosomal anomaly categories were classified as follows: 19 viable autosomal trisomies, 17 non-viable autosomal trisomies, 7 monosomies X, 1 sex trisomy and 3 triploidies. In Fig. 1 , the AFC observed in women with chromosomal anomalies of the fetus were plotted on the age-specific reference ranges for each category. Observed AFC and derived AFC MoM for each of the 47 chromosomal anomalies are displayed in Table III. The frequency of women with AFC below the 50th percentile was 68% (13/19, 95% CI 48-89%, P ¼ 0.11) for viable trisomies, 65% (11/17, 95% CI 42-87%, P ¼ 0.23) for non-viable trisomies, 43% (3/7, 95% CI 6-80%, P ¼ 0.71) for monosomies X, 100% (1/1, 95% CI 100-100%, P ¼ 0.32) for sex trisomies and 33% (1/3, 95% CI 0-86%, P ¼ 0.56) for triploidies. Maternal age and derived ovarian age for mothers of each of the 47 chromosomally abnormal pregnancies are also displayed in Table II . The median ovarian age in viable trisomies and non-viable trisomies was estimated to be 3 and 6 years higher than the median maternal age, respectively. However, the median ovarian age in monosomies X and triploidies was not higher than median maternal age.
When the ovarian age is recalculated taking into account only the small antral follicles (2-5 mm), the resulting median ovarian age, in the different chromosomal anomalies, is about 1 year lower than that obtained with the total AFC (41 years for viable trisomies, 40 for non-viable trisomies, 29.5 for sex monosomies, 37 for sex trisomies and 29.5 for triploidies), and therefore diverged less from the maternal chronological age.
Discussion
In our study, for the first time, AFC reference ranges were constructed in a cohort of pregnant women. Our results provide evidence that the ovarian biological age in trisomic pregnancies, but not in pregnancies with monosomy X or triploidy, is higher than chronological maternal age, suggesting a lower ovarian reserve.
Several hormonal and ultrasound markers of ovarian reserve have been explored to identify women with a poor response to ovulation induction in ART. The more recently identified markers, AMH and AFC have found to be more useful than markers previously described such as early follicular FSH and early follicular phase inhibin B (Toner et al., 1991; Seifer et al., 1999) . Serum AMH level indirectly reflects the size of the remaining primordial follicle pool and has been shown to have limited inter-and intra-cycle variability (La Marca et al., 2007) . The ultrasound assessment of AFC in the early follicular phase directly correlates with ovarian reserve (Frattarelli et al., 2000) and its decline could be a sign Antral follicle count in aneuploid pregnancies of ovarian aging (Scheffer et al., 1999) . Our study was the first to assess the AFC in a cohort of pregnant woman, since previous studies were mainly conducted in infertility patients (Chang et al., 1998; Jayaprakasan et al., 2010; Muttukrishna et al., 2005) or by histological analysis, after oophorectomy surgery and in post-portem studies (Gougeon et al., 1994; Hansen et al., 2008) . Our study, one of the largest on AFC, supports a gradual AFC decline with chronological age. This finding is in agreement with the prior studies (Leidy et al., 1998; Hansen et al., 2008) , although our results indicated a higher starting AFC and steeper decline. Namely, in the age range of 22 -45 years, our series showed that the 50th centile declined from 23 to 6 follicles, while in the La Marca et al. (2011) series the observed declined was from 14 to 5 follicles, and in the Wiweko et al. (2013) series from 9 to 5 follicles. The decline for the 5th centile was from 12 to 2 follicles in our study, from 5 to 2 (La Marca et al., 2011) and from 4 to 1 follicles (Wiweko et al., 2013) . However, comparisons with the current study should be made with caution as the study populations differed. Our study comprised pregnant women with spontaneous conception, while Wiweko et al. (2013) included infertile patients undergoing IVF, and La Marca et al. (2011) recruited healthy women with regular menstrual cycles attending gynaecological clinics in order to achieve a sample close to the general population. Only a small group of 65 parous women studied by Kline et al. (2004) , used as control group, had a similar AFC to our pregnant population, given that the regression line decline went from 23 follicles at 22 years to 8 follicles at 42 years of age.
Although the role of AFC assessment in ART is well established, scarce data are available on its association with trisomic pregnancies and its use in aneuploidy prenatal screening programs is uncertain. Our results are in line with previous studies linking low ovarian reserve, and therefore poor oocyte quantity and quality, with trisomic offspring risk at any maternal chronological age. Thus, trisomy risk would increase with a decreasing oocyte pool size as a result of an accelerated rate of oocyte atresia (Brook et al., 1984; Kline et al., 2000) . This hypothesis suggests that with a decreasing oocyte count, oocyte selection becomes impaired and the hormonal environment of the remaining oocytes may harm their integrity and quality (Warburton, 1989; Dursun et al., 2006; McTavish et al., 2007) . In our study, AFC was lower than expected based on reference values in viable (trisomies 21, 18 and 13) and non-viable (other) trisomies, but not in monosomies X or triploidies, which is in accordance with the described association between distinct chromosomal anomalies and advanced maternal age. Accordingly, MoM AFC values presented a 15% reduction (0.85 MoM) in women with viable and nonviable trisomic pregnancies, while in monosomy X or triploidy normal values were observed. Subsequently, the AFC reference ranges constructed in our study allowed us to assign an 'ovarian biological age' to each of the pregnant women with a chromosomal abnormality. The resulting 'ovarian biological age' was higher than chronological age in trisomic pregnancies, as suggested by several previous studies. Firstly, women with a trisomy 21 child have been reported to present more often with a history of ovarian surgery or absence of an ovary (Freeman et al., 2000) , reproducing experimental studies in mice after unilateral oophorectomy (Brook et al., 1984) . Secondly, the beginning of menopause was observed to occur 1 year earlier among women with trisomic pregnancy losses (Kline et al., 2000) . Thirdly, a low oocyte yield (≤4 oocytes) in women undergoing IVF was found to be associated with an increased risk of a trisomic pregnancy (Haadsma et al., 2010) . Conversely, some studies have not found differences in 
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Antral follicle count in aneuploid pregnancies AFC, inhibin B or FSH between trisomic and control pregnancies (Kline et al., 2004) . The Warburton group found in a recent study differences only in FSH (Kline et al., 2011) , not supporting the oocyte pool hypothesis, given that AMH was more strongly associated with chronologic age than FSH (de Vet et al., 2002) . Assessing the ovarian reserve during pregnancy may have important clinical implications. Considering that AFC reflects ovarian aging, this 'ovarian biological age' may be a better aneuploidy risk marker than maternal age. The relationship between advanced maternal age and increased risk of fetal aneuploidy was established many decades ago (Cuckle et al., 1987) . Down syndrome risk was initially estimated according exclusively to maternal age, while later this was taken as the background risk to be modified by serum maternal markers (Wald et al., 1988) . Currently, cell-free fetal DNA analysis in maternal blood can also be clinically applied as a likelihood ratio to modify this background risk (Benn et al., 2012) . Thus, although the use of maternal age as an exclusive criterion for increased risk of fetal aneuploidy is being abandoned worldwide, most of the Down syndrome screening models are based on refining the maternal age background risk.
The strength of our study was mainly to construct the reference ranges from a large study population of 812 women, more than double the number of women compared with the previous largest series of 366 women (Wiweko et al., 2013) . Furthermore, our series is the first to assess the AFC in pregnant women, demonstrating that this is feasible during the routine 11-to 13-week scan at the moment of aneuploidy risk assessment (Borrell et al., 2004) . Although most of the AFC studies were focused on predicting the ovarian yield in infertile couples, our outcome measure was to determine the 'ovarian biological age' in women with regular cycles and spontaneous conception. We acknowledge some limitations of our study due to not performing intra-and inter-observer reliability analysis, and not using specific 3D software (SonoAVC), shown by some authors to be the best method for assessing AFC if postprocessing correction is carried out (Deb et al., 2009) . Instead, we adhered to the Broekmans guidelines for 2D assessment, a well-established standardized approach to reduce AFC variability . In clinical practice, a drawback for assessing AFC is that transvaginal ultrasound is needed during the 11-to 13-week scan, when the transabdominal approach is the most commonly used. Furthermore, identifying ovaries by ultrasound during pregnancy could be challenging, particularly when the time slot assigned is limited. However, with appropriate training and motivation, sonologists can achieve this skill.
In summary, current data suggest that ovarian biological age could potentially reflect a more precise background risk of fetal aneuploidy. Future studies are warranted to assess the involved complex pathophysiologic association and the potential utility of our measurements to identify mothers at higher risk of trisomic pregnancies. 
